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Description
PRIORITY

[0001] This application claims priority from U.S. Ser.
No. 62/706,813 filed on September 11, 2020.

FIELD

[0002] The present disclosure relates generally to ad-
ditive manufacturing and, more particularly, to systems
and methods for powder bed binder jetting additive man-
ufacturing to form an object from a powder material.

BACKGROUND

[0003] Metalinjection molding (MIM) is a metalworking
process in which powdered metal is mixed with one or
more binders to create a feedstock. The feedstock is then
injected as a liquid into a mold using injection molding.
The molded or "green part" is then cooled and removed
from the mold. After molding, the green part undergoes
a conditioning operation (e.g., using solvent, thermal fur-
naces, catalytic process, or a combination of methods)
to remove a portion of the binder and produce a "brown
part." The brown part then undergoes a sintering opera-
tion to remove the remaining portion of the binder, densify
the metal particles, and produce a "finished part." MIM
advantageously provides cost-effective production of
high volume and/or complex parts. However, MIM re-
quires expensive permanent tooling, which may not be
cost effective for production of low volume parts.
[0004] Metal binder jetting may offer a cost-effective
alternative to the MIM process for production of low vol-
ume parts. In metal binder jetting, a liquid binder is se-
lectively applied to join metal powder particles, layer-by-
layer, to form the brown part. The brown part then un-
dergoes a sintering operation to remove the binder, den-
sify the metal particles, and produce the finished part.
[0005] However, in both MIM and metal binder jetting,
the metal particles may encapsulate some of the binder
prior to outgassing of all the binder during densification
in the sintering operation. This can result in inclusions of
binder within the finished partand/or aless than desirable
density of the final part. This is particularly problematic
in the production of relatively thick parts. Accordingly,
those skilled in the art continue with research and devel-
opment efforts to provide improved additive manufactur-
ing techniques, such as powder bed binder jetting addi-
tive manufacturing.

SUMMAR Y

[0006] The following is a non-exhaustive list of exam-
ples, which may or may not be claimed, of the subject
matter according to the present disclosure.

[0007] In an example, a disclosed additive manufac-
turing system includes a build platform. The additive
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manufacturing system also includes a powder deposition
apparatus configured to deposit powder such that a plu-
rality of powder layers is successively formed over the
build platform. The additive-manufacturing system fur-
ther includes a binder-delivery apparatus configured to
deliver binder at select regions of each successive one
of the plurality of powder layers such that a binder shell
is successively formed. The additive manufacturing sys-
tem additionally includes a consolidation apparatus con-
figured to densify a portion of the powder bound by the
binder shell.

[0008] Inanexample, a disclosed method of additively
manufacturing an object includes steps of: (1) succes-
sively forming a plurality of powder layers by depositing
powder; and (2) successively forming a binder shell by
bonding select regions of each one of the plurality of pow-
der layers before forming each successive one of the
plurality of powder layers. The binder shell encloses a
portion of the powder.

[0009] Inanexample, a disclosed additively manufac-
turing object is made by a process that includes steps of:
(1) successively forming a plurality of powder layers by
depositing powder; and (2) forming a binder shell by
bonding select regions of each one of the plurality of pow-
der layers to successively form a plurality of shell layers
of the binder shell before forming each successive one
of the plurality of powder layers. The binder shell enclos-
es a powder core.

[0010] Other examples of the disclosed additive man-
ufacturing system, method, and additively manufactured
object will become apparent from the following detailed
description, the accompanying drawings, and the ap-
pended claims

BRIEF DESCRIPTION OF THE DRAWINGS
[0011]

Fig. 1is a schematic illustration of an example of the
additive manufacturing system;

Figs. 2 to 5, collectively, schematically illustrate an
example of successive formation of a plurality of
powder layers and successive formation of a plurality
of shell layers;

Fig. 6 schematically illustrates an example of an ad-
ditively manufactured object that includes a binder
shell and a powder core bound by the binder shell;

Figs. 7 and 8, collectively, schematically illustrate an
example of densifying powder bound by a portion of
the binder shell using a vibration mechanism;

Figs. 9 and 10, collectively, schematically illustrate
an example of densifying powder bound by a portion
of the binder shell using a tamping head;
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Figs. 11 and 12, collectively, schematically illustrate
an example of densifying powder bound by a portion
of the binder shell using a plurality of tamping pins;

Fig. 13 is a flow diagram of an example of a method
of additively manufacturing an object;

Fig. 14 is a flow diagram of an aircraft manufacturing
and service methodology; and

Fig. 15 is a schematic block diagram of an example
of an aircraft.

DETAILED DESCRIPTION

[0012] The following detailed description refers to the
accompanying drawings, which illustrate specific exam-
ples of the subject matter disclosed herein. Other exam-
ples having different structures and operations do not
depart from the scope of the present disclosure. Like ref-
erence numerals may refer to the same feature, element,
or component in the different drawings. Throughout the
present disclosure, any one of a plurality of items may
generally be referred to individually as the item and a
plurality of items may generally be referred to collectively
as the items.

[0013] lllustrative, non-exhaustive examples, which
may be, but are not necessarily, claimed, of the subject
matter disclosed herein are provided below. Reference
herein to "example" means that one or more feature,
structure, element, component, characteristic, and/or op-
erational step described in connection with the example
is included in at least one aspect, embodiment, and/or
implementation of the subject matter disclosed herein.
Thus, the phrases "an example," "another example,"
"one or more examples," and similar language through-
out the present disclosure may, but do not necessarily,
refer to the same example. Further, the subject matter
characterizing any one example may, but does not nec-
essarily, include the subject matter characterizing any
other example. Moreover, the subject matter character-
izing any one example may be, but is not necessarily,
combined with the subject matter characterizing any oth-
er example.

[0014] In the following description, numerous specific
details are set forth to provide a thorough understanding
of the disclosed concepts, which may be practiced with-
out some or all of these particulars. In other instances,
details of known devices and/or processes have been
omitted to avoid unnecessarily obscuring the disclosure.
While some concepts will be described in conjunction
with specific examples, it will be understood that these
examples are not intended to be limiting.

[0015] The present disclosure recognizes that powder
bed binder jetting additive manufacturing provides for
cost-effective production of complex parts. The present
disclosure also recognizes that relatively thick parts pro-
duced by powder bed binder jetting additive manufactur-
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ing may have foreign object inclusions in the form of un-
removed binder or an undesirable porosity, which may
reduce the mechanical properties of the part and restrict
the design space for powder bed binder jetting additive
manufacturing. As such current powder bed binder jetting
additive manufacturing processes may not be recom-
mended for production of relatively thick parts, such as
those having a thickness of greater than 0.125 inch
(3.175 millimeters). The present disclosure also recog-
nizes that if a design requires a part to have a relatively
thick portion, the sintering operation must operate at a
lower temperature for a longer operating time, which in-
creases process cycle time and overall production costs.
The present disclosure additionally recognizes that the
sintering operation used in powder bed binder jetting ad-
ditive manufacturing may cause non-homogenous
shrinkage to the brown part due to less than desirable
densification and/or uniformity of the powder.

[0016] Referring generally to Figs. 1-13, by way of ex-
amples, the present disclosure is directed to an additive
manufacturing system 100 (referred to generally herein
as system), a method 1000 of additively manufacturing
an object 130, and the object 130 made using the system
100 and/or according to the method 1000.

[0017] In one or more examples, the system 100 and
the method 1000 are implementations of powder bed
binder jetting manufacturing used to make the object 130
from a powder 104. The present disclosure recognizes
that there are production and design flexibility advantag-
es to manufacturing an object or other part using powder
bed binder jetting manufacturing. The present disclosure
also recognizes potential problems in manufacturing an
object or other part using powder bed binder jetting man-
ufacturing, such as those identified herein above. Exam-
ples of the system 100 and the method 1000 provide a
solution to these potential problems.

[0018] Examples of the system 100 and the method
1000 facilitate formation of the object 130 in a "brown"
condition. In the brown condition, the object 130 includes
an outer, or exterior, binder shell 116 (Figs. 1 and 6)
formed of bonded powder 104 and in inner, or interior,
powder core 150 (Fig. 6) formed ofunbonded (e.g., loose)
powder 104 that is bound by the binder shell 116. Exam-
ples of the system 100 and the method 1000 also facilitate
anincrease in density of the powder core 150 of the object
130 (in the brown condition) and, thus, an increase in
density of the object 130 (in afinished condition) following
a sintering process. Examples of the system 100 and the
method 1000 also enable the object 130 (in the finished
condition) to maintain designed or intended mechanical
properties following the sintering process by eliminating
inclusion of binder, reducing porosity, and achieving near
full density. Thus, examples of the system 100 and the
method 1000 beneficially expand the design space for
powder bed binder jetting manufacturing and facilitate a
fast, low cost solution for production of the object 130
without the need for expensive and long-lead permanent
tooling.
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[0019] Generally, the powder 104 includes any powder
material that is suitable to be joined layer-by-layer to
make the binder shell 116 and that is suitable to be so-
lidified, such as by a sintering operation. Preferred ex-
amples of the powder 104 include metallic powder and
metallic alloy powder. However, the powder 104 is not
limited to metallic/metallic allow powder and may also
include ceramic powder, polymeric powder, and the like.
In other examples, the powder 104 may include a com-
bination of different types of powder material or constit-
uent powders.

[0020] Generally, the object 130 includes any additive-
ly manufactured object made using the system 100
and/or made in accordance with the method 1000. For
example, the object 130 includes any article, part, com-
ponent, or other three-dimensional structure that is man-
ufacturing by a powder bed binder jetting additive man-
ufacturing process. As will be described in more detail
herein, in one or more examples, the object 130 may take
the form of a "brown part." In one or more examples, the
object 130 may take the form of a "finished part."
[0021] Fig. 1 schematically illustrates an example of
the system 100. In one or more examples, the system
100 includes a build platform 112, a powder-deposition
apparatus 102, a binder-delivery apparatus 106, and a
consolidation apparatus 118. Generally, the system 100
is configured to convert a three-dimensional (3D) model
into two-dimensional (2D) layers. The system 100 utilizes
a computer numerical control (CNC) accumulation proc-
ess to deposit the powder 104 and selectively join the
powder 104, according to a preprogrammed construction
shape of each 2D layer and a preprogrammed tool path
(e.g., G-code).

[0022] Referring to Fig. 1, in one or more examples,
the system 100 includes a build chamber 110. The build
platform 112 is located in the build chamber 110. For the
purpose of illustration, a front wall (or front rail) of the
build chamber 110 is omitted in Fig. 1. The build platform
112 is provided to support a powder bed 134 and the
object 130 made via a powder bed binder jetting additive
manufacturing process. The build chamber 120 provides
a peripheral boundary to the build platform 112 and a
peripheral boundary to the powder bed 134.

[0023] In one or more examples, a seal (not shown) is
in contact with the build platform 112 and the build cham-
ber 110 to ensure that the powder 104 remains in the
build chamber 110 during formation of the object 130.
[0024] While the illustrative examples depict the build
chamber 110 and the build platform 112 as having a
square shape in transverse cross-section, in other ex-
amples, the build chamber 110 and the build platform
112 may have any geometric shape with a closed cross
section, such as a circular shape, an elliptical shape, a
rectangular shape, and the like.

[0025] Inone ormore examples, the build platform 112
is movable relative to the powder-deposition apparatus
102 and/or the binder-delivery apparatus 106. In one or
more examples, the build platform 112 moves vertically
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(e.g., is lowered) within the build chamber 110 relative
to the powder-deposition apparatus 102 and/or the bind-
er-delivery apparatus 106 as successive ones of the plu-
rality of powder layers 114 and the plurality of shell layers
132 are formed. In one or more examples, the build plat-
form 112 moves horizontally relative to the powder-dep-
osition apparatus 102 as each successive one of the plu-
rality of powder layers 114 is formed and/or relative to
the binder-delivery apparatus 106 as each successive
one of the plurality of shell layers 132 is formed. In one
or more examples, the build platform 112 rotates about
a vertical axis relative to the powder-deposition appara-
tus 102 as each one of the plurality of powder layers 114
is formed and/or relative to the binder-delivery apparatus
106 as each one of the plurality of shell layers 132 is
formed.

[0026] In one or more examples, the system 100 in-
cludes a build-platform actuator (not shown) that is cou-
pled to the build platform 112 and that is configured to
drive movement of the build platform 112. In one or more
examples, the build-platform actuator includes, or takes
the form of, a linear actuator. In one or more examples,
the build-platform actuator includes a turntable that is
coupled to the build platform 112.

[0027] The powder-deposition apparatus 102 is con-
figured to deposit the powder 104. In one or more exam-
ples, the powder-deposition apparatus 102 is configured
to selectively deposit the powder 104 in a powder bed
134 to successively form each one of a plurality of powder
layers 114. For example, the powder-deposition appara-
tus 102 is configured to deposit the powder 104 such that
the plurality of powder layers 114 is successively formed
over the build platform 112.

[0028] In one or more examples, the powder-deposi-
tion apparatus 102 is movable relative to the build plat-
form 112. In one or more examples, the powder-deposi-
tion apparatus 102 moves horizontally relative to the build
platform 222 as each successive one of the plurality of
powder layers 114 is formed. In one or more examples,
the powder-deposition apparatus 202 moves vertically
relative to the build platform 112 as each successive one
of the plurality of powder layers 114 is formed. In one or
more examples, the powder-deposition apparatus 102
has multiple degrees of freedom to accommodate multi-
axis movement for depositing the powder 104 in the pow-
der bed 134.

[0029] In one or more examples, the system 100 in-
cludes a powder-deposition actuator 138 that is coupled
to the powder-deposition apparatus 102. The powder-
deposition actuator 138 is configured to drive movement
of the powder-deposition apparatus 102. In one or more
examples, the powder-deposition actuator 138 includes,
or takes the form of, a linear actuator, a robotic actuator
arm (e.g., a six-axis robotic actuator arm), and the like.

[0030] In one or more examples, the powder-deposi-
tion apparatus 102 includes, or takes the form of, a re-
coater 136 that traverses the powder bed 134 to deposit
the powder 104. In one or more examples, the recoater
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136 is configured to deposit or discharge the powder 104
in the powder bed 134 to successively form each one of
the plurality of powder layers 114. In other examples, the
powder-deposition apparatus 102 may include any one
of various other types of mechanisms capable of depos-
iting or otherwise discharging the powder 104 in the pow-
der bed 134, such as a powder sprayer or the like.
[0031] In one or more examples, the recoater 136 in-
cludes a discharge chamber (e.g., a powder feeder or a
powder hopper) that is configured to hold the powder
104. The discharge chamber includes a discharge open-
ing for discharging the powder 104. Alternatively, in one
or more examples, the system 100 includes a powder
chamber (not shown) that is configured to hold a supply
of the powder 104 and to stage the powder 104 for dep-
osition in the powder bed 134. The recoater 136 is con-
figured to move the powder 104 from the powder cham-
ber to the build chamber 110 and to deposit the powder
104 in the powder bed 134.

[0032] In one or more examples, the recoater 136 in-
cludes a roller. In one or more examples, the roller is
configured to collect the powder 104 and to deposit the
powder 104 on the build platform 112 or on a preceding
one of the plurality of powder layers 114. In one or more
examples, the roller is configured to level out the powder
104 that has been deposited in the powder bed 134. In
one or more examples, the recoater 136, additionally or
alternatively, includes a different type of leveling device,
such as a blade, that is configured to level out the powder
104 that has been deposited in the powder bed 134.
[0033] The binder-delivery apparatus 106 is config-
ured to deposit binder 108 on the powder 104. In one or
more examples, the binder-delivery apparatus 106 is
configured to selectively join (e.g., bond) the powder 104
of a portion of each one of the plurality of powder layers
114 to successively form each one of a plurality of shell
layers 132. For example, the binder-delivery apparatus
106 is configured to deliver the binder 108 at select re-
gions of each successive one of the plurality of powder
layers 114 such that a binder shell 116 is successively
formed.

[0034] In one or more examples, the binder-delivery
apparatus 106 is movable relative to the build platform
112. In one or more examples, the binder-delivery appa-
ratus 106 moves horizontally relative to the build platform
112 as each successive one of the plurality of shell layers
132 is formed. In one or more examples, the binder-de-
livery apparatus 106 moves horizontally relative to the
build platform 112 as each successive one of the plurality
of shell layers 132 is formed. In one or more examples,
the binder-delivery apparatus 106 has multiple degrees
of freedom to accommodate multi-axis movement for
binding the powder 104 at any location.

[0035] In one or more examples, the system 100 in-
cludes a binder-delivery actuator 140 that is coupled to
the binder-delivery apparatus 106. The binder-delivery
actuator 140 is configured to drive movement of the bind-
er-delivery apparatus 106. In one or more examples, the
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binder-delivery actuator 140 includes, or takes the form
of, a linear actuator, a robotic actuator arm (e.g., a six-
axis robotic actuator arm), and the like.

[0036] The binder 108 includes any binding agent or
binder material suitable to bond the powder 104 to form
a solid cross-sectional layer of the binder shell 116 (e.g.,
any one of the plurality of shell layers 132). In one or
more examples, the binder-delivery apparatus 106 in-
cludes, or takes the form of, a binder jetting printhead
142 that applies (e.g., strategically deposits droplets of)
the binder 108 into the powder bed 134 that bonds the
powder 104 into a solid layer of material (e.g., shell layer
132).

[0037] In one or more examples, the system 200 in-
cludes a controller 144. The controller 144 is in commu-
nication with operational components of the system 100
via one or more communication lines, such as via wired
communication and/or wireless communication. In one
or more examples, the controller 144 is configured to
generate command signals to control movement and op-
eration of the powder-deposition apparatus 102 and the
binder-delivery apparatus 106. For example, the control-
ler 144 selectively controls movement of the powder-dep-
osition apparatus 102 and the binder-delivery apparatus
106 according to a predetermined plan (e.g., G-code),
stored in the controller 144, to successively deposit-and-
join the powder 104.

[0038] In one or more examples, the system 100 in-
cludes a power source 146. The power source 146 is
configured to provide power to the components of the
system 100, as required. In one or more examples, the
power source 146 may be a single power source or may
include a plurality of power sources working together to
provide the necessary power output. Alternatively, the
plurality of power sources may operate independently
and may individually supply power to particular compo-
nents of the system 100. The power source 146 may be
either an AC or a DC power source or may utilize a com-
bination of AC and DC.

[0039] Figs. 2-6 schematically illustrate an example of
a process used to form the object 130 using the system
100 (Fig. 1). Throughout the present disclosure and, par-
ticularly, with respect to Figs. 2-6, the plurality of powder
layers 114 may be referred toindividually as powder layer
114-1 through powder layer 114-N. Similarly, throughout
the present disclosure and, particularly with respect to
Figs. 2-6, the plurality of shell layers 132 may be referred
to individually as shell layer 132-1 through shell layer
132-N.

[0040] AsillustratedinFig.2,in one or more examples,
under direction from the controller 144, the powder-dep-
osition apparatus 102 traverses the build platform 112
and deposits the powder 104 to form a first (e.g., initial)
powder layer 114-1 (e.g., a first one of the plurality of
powder layers 114). As illustratedin Fig. 3, after formation
of the first powder layer 114-1, under direction from the
controller 144, the binder-delivery apparatus 106 is acti-
vated and traverses the first powder layer 114-1 to stra-
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tegically deposit the binder 108 and bond a selected por-
tion of the powder 104 of the first powder layer 114-1.
Bonding the selected portion of the powder 104 of the
first powder layer 114-1 forms a first shell layer 132-1
(e.g., afirst one of the plurality of shell layers 132) of the
object 130 on the build platform 112.

[0041] In one or more examples, the first shell layer
132-1 forms or defines a bottom portion of the binder
shell 116. In one or more examples, the first shell layer
132-1 has a thickness that is approximately equal to a
thickness of the first powder layer 114-1. In one or more
examples, the thickness of the first shell layer 132-1 is
approximately 0.0625 inch (1.587 millimeters). In one or
more examples, the thickness of the first shell layer 132-1
is less than approximately 0.0625 inch (1.587 millime-
ters).

[0042] Asillustrated in Fig. 3, in one or more examples,
the bottom portion of the binder shell 116 is formed en-
tirely by a single shell layer 132 (e.g., the first shell layer
132-1). In other examples, the bottom portion of the bind-
er shell 116 may be formed by more than one shell layer
132 (e.g., a second shell layer formed on the first shell
layer, a third shell layer formed on the second shell layer,
etc.). The number of shell layers 132 used to form the
bottom portion of the binder shell 116 may depend on a
desired overall thickness of the binder shell 116, a de-
sired thickness of bottom portion of the binder shell 116,
the contour of the bottom portion of the binder shell 116,
the overall dimensions of the object 130, the thickness
of a given powder layer 114, and a volume and/or density
of the powder 104 bound by the binder shell 116 (e.g.,
the powder core 150), among other factors.

[0043] In one or more examples, under direction from
the controller 144, the build platform 112 is selectively
indexed down by one layer of thickness. As illustrated in
Fig. 4, under direction from the controller 144, the pow-
der-deposition apparatus 102 traverses the first powder
layer 114-1 and deposits the powder 104 to form a sec-
ond powder layer 114-2 (e.g., a successive second one
of the plurality of powder layers 114). After formation of
the second powder layer 114-2, under direction from the
controller 144, the binder-delivery apparatus 106 is acti-
vated and traverses the second powder layer 114-2 to
strategically deposit the binder 108 and bond a selected
portion of the powder 104 of the second powder layer
114-2. Bonding the selected portion of the powder of the
second powder layer 114-2 forms a second shell layer
132-2 (e.g., a successive second one of the plurality of
shell layers 132) on the first shell layer 132-1. After for-
mation of the second shell layer 132-1, a non-bonded
portion of the powder 104 (e.g., a first powder core layer
152-1) is bound by the first shell layer 132-1 and the
second shell layer 132-2. Another non-bonded portion of
the powder 104 remains packed around the first shell
layer 132-1 and the second shell layer 132-2.

[0044] Inone or more examples, the second shell layer
132-2 forms a section of a continuous side portion (e.g.,
having a closed cross section) of the binder shell 116. In
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one or more examples, the second shell layer 132-2 has
a thickness that is approximately 0.0625 inch (1.587 mil-
limeters). In one or more examples, the thickness of the
second shell layer 132-1 is less than approximately
0.0625 inch (1.587 millimeters).

[0045] In one or more examples, as illustrated in Figs.
5 and 6, this forming and bonding procedure is repeated
a number of times to produce a number of intermediate
powder layers 114, to produce a number of intermediate
shell layers 132, and, ultimately to produce the object
130 (Fig. 6) that includes the binder shell 116 and the
powder core 150 bound by the binder shell 116.

[0046] Generally, each successive one of the plurality
of powder layers 114 is formed on the previously formed
and underlying one of the plurality of powder layers 114
and the previously formed and underlying one of the plu-
rality of shell layers 132. Each successive one of the plu-
rality of shell layers 132 is formed on and is attached to
the previously formed and underlying one of the plurality
of shell layers 132 to form a new shell layer 132 and a
new powder core layer 152. After formation of each suc-
cessive one of the shell layers 132, an additional non-
bonded portion of the powder 104 (e.g., each successive
one of a plurality of powder core layers 152) is bound by
the first shell layer 132-1 and the plurality of intermediate
shell layers 132 (e.g., e.g., shell layers 132-2 through
132-8). An additional non-bonded portion of the powder
104 remains packed around the first shell layer 132-1
and the plurality of intermediate shell layers 132.
[0047] In one or more examples, each one of the plu-
rality of intermediate shell layers 132 (e.g., shell layers
132-2 through 132-8) forms a subsequent section of the
continuous side portion (e.g., having a closed cross sec-
tion) of the binder shell 116. In one or more examples,
each one of the plurality of intermediate shell layers 132
(e.g., shell layers 132-2 through 132-8) has a thickness
that is approximately 0.0625 inch (1.587 millimeters). In
one or more examples, the thickness of each one of the
plurality of intermediate shell layers 132 (e.g., shell layers
132-2 through 132-8) is less than approximately 0.0625
inch (1.587 millimeters). In one or more examples, the
thickness of each one of the plurality of intermediate shell
layers 132 (e.g., shell layers 132-2 through 132-8) is the
same. In one or more examples, the thickness of at least
one of the plurality of intermediate shell layers 132 (e.g.,
shell layers 132-2 through 132-8) is different that at least
another one of the plurality of intermediate shell layers
132 (e.g., shell layers 132-2 through 132-8).

[0048] Asillustratedin Fig. 6, in one or more examples,
under direction from the controller 144, the powder-dep-
osition apparatus 102 traverses the preceding one of the
powder layer 114 (e.g., powder layer 114-8) and deposits
the powder 104 to form a final powder layer 114-N (e.g.,
a final one of the plurality of powder layers 114). After
formation of the final powder layer 114-N, under direction
from the controller 144, the binder-delivery apparatus
106 is activated and traverses the final powder layer 114-
N to strategically deposit the binder 108 and bond a se-
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lected portion of the powder 104 of the final powder layer
114-N. Bonding the selected portion of the powder 104
of the final powder layer 114-N forms a final shell layer
132-N (e.g., afinal one of the plurality of shell layers 132)
of the object 130. After formation of the final shell layer
132-N, a non-bonded portion of the powder 104 (e.g.,
the powder core 150) is bound by the binder shell 116.
Another non-bonded portion of the powder 104 remains
packed around the binder shell 116.

[0049] In one or more examples, the final shell layer
132-N forms or defines a top portion of the binder shell
116. In one or more examples, the final shell layer 132-1
has a thickness that is approximately equal to a thickness
of the final powderlayer 114-N. In one or more examples,
the thickness of the final shell layer 132-N is approxi-
mately 0.0625 inch (1.587 millimeters). In one or more
examples, the thickness of the final shell layer 132-N is
less than approximately 0.0625 inch (1.587 millimeters).
[0050] Asillustrated in Fig. 6, in one or more examples,
the top portion of the binder shell 116 is formed entirely
by a single shell layer 132 (e.g., the final shell layer 132-
N). In other examples, the top portion of the binder shell
116 may be formed by more than one shell layer 132.
The number of shell layers 132 used to form the top por-
tion of the binder shell 116 may depend on a desired
overall thickness of the binder shell 116, a desired thick-
ness of top portion of the binder shell 116, the contour
of the top portion of the binder shell 116, the overall di-
mensions of the object 130, the thickness of a given pow-
derlayer 114, and a volume and/or density of the powder
104 bound by the binder shell 116 (e.g., the powder core
150), among other factors.

[0051] Referring to Fig. 6, in one or more examples,
the binder shell 116 has a contour that approximately
matches a net shape of the object 130. As such, the bot-
tom portion, the side portion, and/or the top portion of the
binder shell 116 may have one or more straight sections
and/or one or more contoured sections. Similarly, the bot-
tom portion, the side portion, and/or the top portion of the
binder shell 116 may include one or more horizontally
oriented sections, one or more vertically oriented sec-
tions, and/or one or more obliquely oriented sections.
[0052] Generally, the binder shell 116 has a closed
cross-sectional shape suitable to enclose and contain
the powder core 150. In one or more examples, the binder
shell 116 has a thickness of approximately 0.0625 inch
(1.587 millimeters). In one or more examples, the binder
shell 116 has a thickness that is less than approximately
0.0625 inch (1.587 millimeters). In one or more exam-
ples, the thickness of the binder shell 116 is constant. In
one or more examples, the thickness of the binder shell
116 varies.

[0053] Referring again to Fig. 1, in one or more exam-
ples, the system 100 includes a consolidation apparatus
118. The consolidation apparatus 118 is configured to
consolidate, compact, settle, pack, or otherwise densify
at least a portion of the powder 104 that is bound by the
binder shell 116 (e.g., the portion of the powder 104 that
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is located within or that is enclosed by the plurality of
shell layers 132) and that forms the powder core 150
(Fig. 6) of the object 130. Consolidating the powder core
150 of the object 130, in the brown condition, may achieve
a more fully dense object 130 in the finished condition
(e.g., after the sintering operation) than that produced by
current binder jetting processes.

[0054] In one or more examples, the controller 144 is
configured to generate command signals to control
movement and/or operation the consolidation apparatus
118. For example, the controller 144 selectively controls
movement and/or actuation of the consolidation appara-
tus 118 according to the predetermined plan, stored in
the controller 144.

[0055] Referring to Figs. 1, 8 and 9, in one or more
examples, the consolidation apparatus 118 includes a
vibration mechanism 120. The vibration mechanism 120
is coupled to the build platform 112. The vibration mech-
anism 120 is configured to compact (e.g., settle) the por-
tion of the powder 104 bound by (e.g., located within) the
binder shell 116. The vibration mechanism 120 may in-
clude any one of various suitable types of vibration mech-
anisms used to produce and transmit vibratory energy to
the powder bed 134.

[0056] In one or more examples, the vibration mecha-
nism 120 includes an ultrasonic vibration element 122.
The ultrasonic vibration element 122 is configured to gen-
erate ultrasonic vibrations. The ultrasonic vibrations
transmit mechanical shocks to the build platform 112 and
into the powder bed 134 to shake the powder 104 located
in the build chamber 110 in order to obtain a denser
and/or more uniform powder packing.

[0057] In one or more examples, the vibration mecha-
nism 120 may be used to achieve a desired density of
the powder 104 (e.g., the powder core 150). Generally,
the vibratory energy (e.g., the ultrasonic vibrations) pro-
duced by the vibration mechanism 120 and transmitted
to the powder 104 is sufficient to pack the powder 104.
Ideally, the vibratory energy is sufficient to prevent post-
formation settling of the powder 104 after application of
the binder 108 and formation of the plurality of shell layers
132 and to prevent post-formation settling of the powder
104 forming the powder core 150 within the binder shell
116 before or during the solidifying (e.g., sintering) op-
eration. The vibratory energy is also configured to pre-
vent pluming of the powder 104 in response to the vibra-
tory energy.

[0058] AsillustratedinFig.7,in one or more examples,
under direction from the controller 144, the vibration
mechanism 120 is activated and vibratory energy is
transferred to the powder bed 134 to compact the powder
104 in the powder bed 134. In one or more examples,
the vibration mechanism 120 is activated after formation
of each one of the plurality of powder layers 114. In one
or more examples, the vibration mechanism 120 is acti-
vated after formation of each one of the plurality of shell
layers 132.

[0059] As illustrated in Fig. 7, following compaction of
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the powder 104, the powder 104 in the powder bed 134
may settle and become more densely packed. As such,
a gap may be formed between a top surface of the pre-
viously formed shell layer 132 and a top surface of the
powder bed 134 (e.g., a top surface of the previously
formed powder layer 114 and/or the previously formed
powder core layer 152). As illustrated in Fig. 8, in one or
more examples, under direction from the controller 144,
the powder-deposition apparatus 102 traverses the pre-
viously formed powder layer 114 and deposits the pow-
der 104 to recoat the powder bed 134 and form a fill layer
154. The fill layer 154 fills any gaps exposed during the
vibratory compaction operation and creates a smooth
layer of powder 104 prior to formation of the subsequent
powder layer 114.

[0060] Referring to Figs. 1 and 9-12, in one or more
examples, the consolidation apparatus 118 includes a
tamping mechanism 124. The tamping mechanism 124
is configured to compact (e.g., compress) the portion of
the powder 104 bound by (e.g., located within) the binder
shell 116. The tamping mechanism 124 may include any
one or various suitable types of tamping mechanisms
used to apply a compression force to the powder bed 134.
[0061] In one or more examples, the tamping mecha-
nism 124 is movable relative to the build platform 112.
In one or more examples, the tamping mechanism 124
moves horizontally relative to the build platform 112 after
each successive one of the plurality of powder layer 114
and/or shell layers 132 is formed. In one or more exam-
ples, the tamping mechanism 124 moves horizontally rel-
ative to the build platform 112 after each successive one
of the plurality of powder layers 114 and/or shell layers
132 is formed. In one or more examples, the tamping
mechanism 124 has multiple degrees of freedom to ac-
commodate multi-axis movement for tamping mecha-
nism 124 at any location.

[0062] In one or more examples, the system 100 in-
cludes a tamping-mechanism actuator 148 that is cou-
pled to the tamping mechanism 124. The tamping-mech-
anism actuator 148 is configured to drive movement of
the tamping mechanism 124. In one or more examples,
the tamping-mechanism actuator 148 includes, or takes
the form of, a linear actuator, a robotic actuator arm (e.g.,
a six-axis robotic actuator arm), and the like.

[0063] In one or more examples, the tamping mecha-
nism 124 may be used in addition to the vibration mech-
anism 120 if the vibratory energy is not sufficient to
achieve the desired density of the powder 104 (e.g., the
powder core 150). In one or more examples, the tamping
mechanism 124 may be used as an alternative to the
vibration mechanism 120 to achieve the desired density
of the powder 104 (e.g., the powder core 150). For ex-
ample, the consolidation apparatus 118 may include both
the vibration mechanism 120, coupled to the build plat-
form 112 and configured to compact the portion of the
powder 104 bound by the binder shell 116, and the tamp-
ing mechanism 124, configured to compress the portion
of the powder 104 bound by the binder shell 116.
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[0064] Referring to Fig. 9, in one or more examples,
the tamping mechanism 124 includes a tamping head
126. The tamping head 126 is configured to consecutive-
ly compress sections of the portion of the powder 104
bound by the binder shell 116 (e.g., sections of each one
of the plurality of powder core layers 152).

[0065] In one or more examples, under direction from
the controller 144, the tamping head 126 is moved along
the formed powder core layer 152 according to a prede-
termined plan stored in the controller 144. As the tamping
head 126 moves along the powder core layer 152, under
direction from the controller 144, the tamping head 126
is selectively actuated to apply a compressive force to
selected locations along the powder core layer 152 and
compact the powder 104 bound by the plurality of shell
layers 132. In one or more examples, positioning of the
tamping head 126 is controlled utilizing CNC commands
such that the compression force is applied only to loca-
tions along the powder core layer 152 bound by an as-
sociated shell layer 132 without damaging the shell layer
132. In one or more examples, the tamping head 126 is
positioned and actuated after formation of each one of
the plurality of powder layers 114. In one or more exam-
ples, the tamping head 126 is positioned and actuated
after formation of each one of the plurality of shell layers
132.

[0066] As illustrated in Fig. 9, following compaction of
the powder 104, the powder 104 forming the plurality of
powder core layers 152 may settle and become more
densely packed. As such, a gap may be formed between
atop surface of the previously formed shell layer 132 and
a top surface of the powder core 150 (e.g., a top surface
of the previously formed powder core layer 152). As il-
lustrated in Fig. 10, in one or more examples, under di-
rection from the controller 144, the powder-deposition
apparatus 102 traverses the previously formed powder
layer 114 and deposits the powder 104 to recoat the pow-
der bed 134 and form a fill layer 154 over the powder
core 150. The fill layer 154 fills any gaps exposed during
the compression operation and creates a smooth layer
of powder 104 prior to formation of the subsequent pow-
der layer 114.

[0067] Referring to Figs. 11 and 12, in one or more
examples, the tamping mechanism 124 includes a plu-
rality of tamping pins 128. The plurality of tamping pins
128 is configured to simultaneously compress an entirety
of the portion of the powder 104 bound by the binder shell
116 (e.g., an entirety of each one of the plurality of powder
core layers 152).

[0068] In one or more examples, under direction from
the controller 144, the plurality of tamping pins 128 is
positioned over the powder bed 134. Under direction from
the controller 144, selected ones of the plurality of tamp-
ing pins 128 are selectively actuated to apply a compres-
sive force to a plurality of locations along the powder core
layer 152, according to a predetermined plan stored in
the controller 144, and compact the powder 104 bound
by the plurality of shell layers 132. In one or more exam-
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ples, selective actuation of selected ones of the plurality
of the tamping pins 128 is controlled utilizing CNC com-
mands such that the compression force is applied only
to locations along the powder core layer 152 bound by
an associated shell layer 132 without damaging the shell
layer 132. In one or more examples, the plurality of tamp-
ing pins 128 is positioned and selectively actuated after
formation of each one of the plurality of powder layers
114. In one or more examples, the tamping head 126 the
plurality of tamping pins 128 is positioned and selectively
actuated after formation of each one of the plurality of
shell layers 132.

[0069] As illustrated in Fig. 11, following compaction
of the powder 104, the powder 104 forming the plurality
of powder core layers 152 may settle and become more
densely packed. As such, a gap may be formed between
a top surface of the previously formed shell layer 132 and
a top surface of the powder core 150 (e.qg., a top surface
of the previously formed powder core layer 152). As il-
lustrated in Fig. 12, in one or more examples, under di-
rection from the controller 144, the powder-deposition
apparatus 102 traverses the previously formed powder
layer 114 and deposits the powder 104 to recoat the pow-
der bed 134 and form a fill layer 154 over the powder
core 150. The fill layer 154 fills any gaps exposed during
the compression operation and creates a smooth layer
of powder 104 prior to formation of the subsequent pow-
der layer 114.

[0070] Fig. 13 illustrates an example of the method
1000 forforming the object 130. According to one or more
examples, the method 1000 utilizes the system 100 (Fig.
1) to make the object 130. Generally, the method 1000
includes a plurality of operational steps to implement the
forming, bonding, and consolidating procedure de-
scribed above with respect to Figs. 2-12.

[0071] In one or more examples, the method 1000 in-
cludes a step of (block 1002) successively forming the
plurality of powder layers 114. In one or more examples,
the method 1000 includes a step of (block 1004) depos-
iting the powder 104 to successively form the plurality of
powder layers 114. In one or more examples, according
to the method 1000, the step of (block 1004) depositing
the powder 104 and the step of (block 1002) successively
forming the plurality of powder layers 114 is performed
using the powder-deposition apparatus 102.

[0072] In one or more examples, the method 1000 in-
cludes a step of (block 1006) successively forming the
binder shell 116. In one or more examples, the method
1000 includes a step of (block 1008) bonding select re-
gions of each one of the plurality of powder layers 114
before forming each successive one of the plurality of
powder layers 114 to successively form the binder shell
116. In one or more examples, according to the method
1000, the step of (block 1006) successively forming the
binder shell 116 includes a step of delivering the binder
108 at the select regions of each one of the plurality of
powder layers 114 and a step of successively forming
the plurality of shell layers 132 of the binder shell 116
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that enclose the portion of the powder 104 bound by the
binder shell 116. In one or more examples, according to
the method 1000, the step of (block 1008) bonding select
regions of each one of the plurality of powder layers 114
and the step of (block 1006) successively forming the
binder shell 116 is performed using the binder-delivery
apparatus 106

[0073] In one or more examples, the method 1000 in-
cludes a step of (block 1010) densifying the portion of
the powder 104 bound by the binder shell 116 (e.g., the
powder core 150). In one or more examples, according
to the method 1000, the step of (block 1010) densifying
the portion of the powder 104 bound by the binder shell
116 occurs after the step of (block 1002) forming each
one of the plurality of powder layers 114. In one or more
examples, according to the method 1000, the step of
(block 1010) densifying the portion of the powder 104
bound by the binder shell 116 occurs after the step of
forming each one of the plurality of shell layers 132. In
one or more examples, according to the method 1000,
the step of (block 1010) densifying the portion of the pow-
der 104 bound by the binder shell 116 is performed using
the consolidation apparatus 118.

[0074] In one or more examples, according to the
method 1000, the step of (block 1010) densifying the por-
tion of the powder 104 bound by the binder shell 116
includes a step of (block 1012) subjecting the portion of
the powder 104 bound by the binder shell 116 to vibratory
energy. Inone or more examples, the step of (block 1012)
subjecting the portion of the powder 104 bound by the
binder shell 116 to vibratory energy is performed using
the vibration mechanism 120.

[0075] In one or more examples, according to the
method 1000, the step of (block 1010) densifying the por-
tion of the powder 104 bound by the binder shell 116
includes a step of (block 1014) subjecting the portion of
the powder 104 bound by the binder shell 116 to a com-
pression force. In one or more examples, the step of
(block 1014) subjecting the portion of the powder 104
bound by the binder shell 116 to the compression force
is performed using the tamping mechanism 124.

[0076] In one or more examples, according to the
method 1000, the step of (block 1010) densifying the por-
tion of the powder 104 bound by the binder shell 116
includes the step of (block 1012) subjecting the portion
of the powder 104 bound by the binder shell 116 to the
vibratory energy and the step of (block 1014) subjecting
the portion of the powder 104 bound by the binder shell
116 to the compression force.

[0077] In one or more examples, according to the
method 1000, the step of (block 1012) subjecting the por-
tion of the powder 104 bound by the binder shell 116 to
the vibratory energy occurs before the step of forming
each successive one of the plurality of shell layers 132
of the binder shell 116. In one or more examples, accord-
ing to the method 1000, the step of (block 1014) subject-
ing the portion of the powder 104 bound by the binder
shell 116 to the compression force occurs after the step
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of forming each successive one of the plurality of shell
layers 132 of the binder shell 116.

[0078] In one or more examples, the method 1000 in-
cludes a step of forming the fill layer 154 after the step
of (block 1010) densifying the portion of the powder 104
bound by the binder shell 116.

[0079] According to the method 1000, the operational
steps of (block 1004) depositing the powder 104, (block
1002) forming the powder layer 114, (block 1008) binding
the powder 104, (block 1004) forming the binder shell
116, and (block 1010) densifying the powder 104 may
be repeated a number of times to successively form the
plurality of powder layers 114, to successively form the
plurality of shell layers 132, to successively densify the
portion of the powder 104 bound by the binder shell 116
and to, ultimately, form the object 130 in the brown con-
dition (block 1016).

[0080] In one or more examples, after the object 130
is fully formed, the object 130 is in a green condition (e.g.,
a"green part") and is encapsulated in a non-bonded por-
tion of the powder 104 (e.g., as shown in Figs. 1 and 6)
and is left to cure and gain strength. Upon curing, the
object 130 is in the brown condition.

[0081] In one or more examples, the method 1000 in-
cludes a step of (block 1018) sintering the object 130.
Sintering the object 130 removes the binder 108 from the
binder shell 116 and solidifies (e.g., bonds together) the
powder 104 of the powder core 150 and the powder 104
of the binder shell 116. Typically, the sintering process
takes place in a furnace with a controlled atmosphere,
where the part is heat treated and the binder 108 is burnt
away. The sintering process fuses the particles together
and results in strong part with a low porosity. Upon sin-
tering, the object 130 is formed in the finished condition
(block 1020).

[0082] Throughout the present disclosure, examples
of the operational steps of the method 1000 and/or com-
ponents of the system 100 described with respect to de-
positing the powder 104 to form one of the plurality of
powder layers 114 and bonding the powder 104 to form
one of the plurality of shell layers 132 are equally appli-
cable to operational steps and components for depositing
the powder 104 to form any other one of the plurality of
powder layers 114 and bonding the powder 104 to form
any other one of the plurality of shell layers 132. Further-
more, additional components, such as additional pow-
der-deposition apparatuses, additional binder-delivery
apparatuses, additional consolidation apparatuses, pow-
der hoppers, regulators, valves, sensors, and the like
may be included in the system 100 without departing from
the scope of the present disclosure.

[0083] Asdescribed herein, the controller 144 commu-
nicates with and/or controls various components of the
system 100. In one or more examples, the controller 144
is a computing device that includes a processor and
memory. The memory may be a computer-readable
memory medium and is configured to store data required
for operation of the system 100 and/or implementation
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of the method 1000. Computer-readable memory medi-
um is any medium which can be used to store information
which canlater be accessed by the processor. Computer-
readable memory medium may include computer mem-
ory and data storage devices. Computer memory may
be a fast-access memory and may be used to run pro-
gram instructions executable by the processor. Compu-
ter memory may include random access memory (RAM),
flash memory, and read-only memory (ROM). Data stor-
age devices may be physical devices and may be used
to store any information or computer program which may
be accessed by the processor, such as an operating sys-
tem, computer programs, program modules, and pro-
gram data. Data storage devices and their associated
computer-readable memory media provide storage of
computer-readable instructions, data structures, pro-
gram modules, and other data for the system. Data stor-
age devices may include magnetic medium like a floppy
disk, a hard disk drive, and magnetic tape; an optical
medium like a Compact Disc (CD), a Digital Video Disk
(DVD), and a Blu-ray Disc; and solid state memory such
as random access memory (RAM), flash memory, and
read only memory (ROM).

[0084] In one or more examples, the memory includes
data packets comprised of data required for controlled
operation of the system 100. For example, one data pack-
et may contain data required for control of the powder-
deposition apparatus 102, another data packet may con-
tain data required for control of the binder-delivery appa-
ratus 106, and another data packet may contain data
required for control of the consolidation apparatus 118.
The processor communicates with the memory to re-
trieve the necessary data for controlling operation of the
system 100.

[0085] In one or more examples, the subject matter of
the presentdisclosure is described with reference to acts
and symbolic representations of operations that are per-
formed by one or more computers or computer systems,
unless indicated otherwise. As such, it will be understood
that such acts and operations, which are attimes referred
to as being computer-executed, include the manipulation
by one or more processors of the system 100, such as
of the controller 144, via electrical signals representing
data in a structured form. This manipulation transforms
the data or maintains it at specificlocations in the memory
of the system 100, which reconfigures or otherwise alters
the operation of the system 200 in a manner well under-
stood by those skilled in the art. The data structures
where data is maintained are physical locations of the
memory that have particular properties defined by the
format of the data. However, although one or more ex-
amples are described in the foregoing context, it is not
meant to be limiting, as those skilled in the art will appre-
ciate, in that some of the acts and operations described
herein may also be implemented in hardware, software,
and/or firmware and/or some combination thereof.
[0086] Referring now to Figs. 14 and 15 examples of
the additive manufacturing system 100, the method
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1000, and the additively manufactured object 130 may
be used in the context of an aircraft manufacturing and
service method 1100, as shown in the flow diagram of
Fig. 14 and an aircraft 1200, as schematically illustrated
in Fig. 15.

[0087] Referring to Fig. 15, in one or more examples,
the aircraft 1200 includes an airframe 1202, an interior
1206, and a plurality of high-level systems 1204. Exam-
ples of the high-level systems 1204 include one or more
of a propulsion system 1208, an electrical system 1210,
a hydraulic system 1212, and an environmental system
1214. In other examples, the aircraft 1200 may include
any number of other types of systems, such as a com-
munications system, a guidance system, a weapons sys-
tem, and the like. The object 130 made in accordance
with the method 1000, and using the additive manufac-
turing system 100, may be a structure, an assembly, a
subassembly, a component, a part, or any other portion
of the aircraft 1200, such as a portion of the airframe
1202 or the interior 1206.

[0088] Referring to Fig. 14 during pre-production, the
method 1100 includes specification and design of the
aircraft 1200 (block 1102) and material procurement
(block 1104). During production of the aircraft 1200, com-
ponent and subassembly manufacturing (block 1106)
and system integration (block 1108) of the aircraft 1200
take place. Thereafter, the aircraft 1200 goes through
certification and delivery (block 1110) to be placed in
service (block 1112). Routine maintenance and service
(block 1114) includes modification, reconfiguration, re-
furbishment, etc. of one or more systems of the aircraft
1200.

[0089] Each of the processes of the method 1100 il-
lustrated in Fig. 14 may be performed or carried out by
asystemintegrator, a third party, and/oran operator (e.g.,
a customer). For the purposes of this description, a sys-
tem integrator may include, without limitation, any
number of spacecraft manufacturers and major-system
subcontractors; a third party may include, without limita-
tion, any number of vendors, subcontractors, and sup-
pliers; and an operator may be an airline, leasing com-
pany, military entity, service organization, and so on.
[0090] Examples of the system 100, the method 1000,
and the object 130 shown and described herein may be
employed during any one or more of the stages of the
manufacturing and service method 1100 shown in the
flow diagram illustrated by Fig. 14. In an example, imple-
mentation of the disclosed system 100 and method 1000
may form a portion of component and subassembly man-
ufacturing (block 1106) and/or system integration (block
1108). For example, assembly of the aircraft 1200 and/or
components thereof (e.g., the object 130) using imple-
mentations of the disclosed system 100 and method
1000 may correspond to component and subassembly
manufacturing (block 1106) and may be prepared in a
manner similar to components or subassemblies pre-
pared while the aircraft 1200 is in service (block 1112).
Also, implementations of the disclosed system 100 and
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method 1000 may be utilized during system integration
(block 1108) and certification and delivery (block 1110).
Similarly, implementations of the disclosed system 100
and method 1000 may be utilized, for example and with-
out limitation, while the aircraft 1200 is in service (block
1112) and during maintenance and service (block 1114).
[0091] Although an aerospace (e.g., aircraft or space-
craft) example is shown, the examples and principles dis-
closed herein may be applied to other industries, such
as the automotive industry, the construction industry, the
wind turbine industry, the electronics industry, and other
design and manufacturing industries. Accordingly, in ad-
dition to aircraft and spacecraft, the examples and prin-
ciples disclosed herein may apply to powder bed, binder
jetting additive manufacturing processes used to form
objects used with other vehicles (e.g., land vehicles, ma-
rine vehicles, construction vehicles, etc.), machinery,
and stand-alone structures.

[0092] As used herein, a system, apparatus, device,
structure, article, element, component, or hardware "con-
figured to" perform a specified function is indeed capable
of performing the specified function without any altera-
tion, rather than merely having potential to perform the
specified function after further modification. In other
words, the system, apparatus, device, structure, article,
element, component, or hardware "configured to" per-
form a specified function is specifically selected, created,
implemented, utilized, programmed, and/or designed for
the purpose of performing the specified function. As used
herein, "configured to" denotes existing characteristics
of a system, apparatus, structure, article, element, com-
ponent, or hardware that enable the system, apparatus,
structure, article, element, component, or hardware to
perform the specified function without further modifica-
tion. For purposes of this disclosure, a system, appara-
tus, device, structure, article, element, component, or
hardware described as being "configured to" perform a
particular function may additionally or alternatively be de-
scribed as being "adapted to" and/or as being "operative
to" perform that function.

[0093] Unless otherwise indicated, the terms "first,"
"second," "third," etc. are used herein merely as labels,
and are not intended to impose ordinal, positional, or hi-
erarchical requirements on the items to which these
terms refer. Moreover, reference to, e.g., a "second" item
does notrequire or preclude the existence of, e.g., a "first"
or lower-numbered item, and/or, e.g., a "third" or higher-
numbered item.

[0094] As used herein, the phrase "at least one of’,
when used with a list of items, means different combina-
tions of one or more of the listed items may be used and
only one of each item in the list may be needed. For
example, "atleastone of item A, item B, and item C" may
include, without limitation, item A or item A and item B.
This example also may include item A, item B, and item
C, oritem B and item C. In other examples, "at least one
of’ may be, for example, without limitation, two of item A,
one of item B, and ten of item C; four of item B and seven
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of item C; and other suitable combinations.

[0095] For the purpose of this disclosure, the terms
"coupled," "coupling," and similar terms refer to two or
more elements that are joined, linked, fastened, at-
tached, connected, put in communication, or otherwise
associated (e.g., mechanically, electrically, fluidly, opti-
cally, electromagnetically) with one another. In various
examples, the elements may be associated directly or
indirectly. As an example, element A may be directly as-
sociated with element B. As another example, element
A may be indirectly associated with element B, for exam-
ple, via another element C. It will be understood that not
all associations among the various disclosed elements
are necessarily represented. Accordingly, couplings oth-
er than those depicted in the figures may also exist.
[0096] As used herein, the term "approximately” refers
to or represent a condition that is close to, but not exactly,
the stated condition that still performs the desired func-
tion or achieves the desired result. As an example, the
term "approximately" refers to a condition that is within
an acceptable predetermined tolerance or accuracy. For
example, the term "approximately" refers to a condition
that is within 10% of the stated condition. However, the
term "approximately" does not exclude a condition that
is exactly the stated condition.

[0097] Those skilled in the art will appreciate that some
of the elements, features, and/or components described
and illustrated in Figs. 1-12 and 15, referred to above,
may be combined in various ways without the need to
include other features described and illustrated in Figs.
1-12 and 15, other drawing figures, and/or the accompa-
nying disclosure, even though such combination or com-
binations are not explicitly illustrated herein. Similarly,
additional features notlimited to the examples presented,
may be combined with some or all of the features shown
and described herein. Unless otherwise explicitly stated,
the schematic illustrations of the examples depicted in
Figs. 1-12 and 15, referred to above, are not meant to
imply structural limitations with respect to the illustrative
example. Rather, although one illustrative structure is in-
dicated, it is to be understood that the structure may be
modified when appropriate. Accordingly, modifications,
additions and/or omissions may be made to theillustrated
structure. Additionally, those skilled in the art will appre-
ciate that not all elements described and illustrated in
Figs. 1-12 and 15, referred to above, need be included
in every example and not all elements described herein
are necessarily depicted in each illustrative example.
[0098] InFigs. 13 and 14, referred to above, the blocks
may represent operations, steps, and/or portions thereof
and lines connecting the various blocks do not imply any
particular order or dependency of the operations or por-
tions thereof. It will be understood that not all dependen-
cies among the various disclosed operations are neces-
sarily represented. Figs. 13 and 14, referred to above,
and the accompanying disclosure describing the opera-
tions of the disclosed methods set forth herein should
notbe interpreted as necessarily determining a sequence
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in which the operations are to be performed. Rather, al-
though one illustrative order is indicated, it is to be un-
derstood that the sequence of the operations may be
modified when appropriate. Accordingly, modifications,
additions and/or omissions may be made to the opera-
tions illustrated and certain operations may be performed
in a different order or simultaneously. Additionally, those
skilled in the art will appreciate that not all operations
described need be performed.

[0099] Further, references throughout the present
specification to features, advantages, or similar language
used herein do not imply that all of the features and ad-
vantages that may be realized with the examples dis-
closed herein should be, or are in, any single example.
Rather, language referring to the features and advantag-
es is understood to mean that a specific feature, advan-
tage, or characteristic described in connection with an
example is included in at least one example. Thus, dis-
cussion of features, advantages, and similar language
used throughout the present disclosure may, but do not
necessarily, refer to the same example.

[0100] Further, the disclosure comprises embodi-
ments according to the following clauses:

Clause 1. An additive manufacturing system (100)
comprising:

a build platform (112);

a powder-deposition apparatus (102) config-
ured to deposit powder (104) such that a plurality
of powder layers (114) is successively formed
over the build platform (112);

a binder-delivery apparatus (106) configured to
deliver binder (108) at select regions of each
successive one of the plurality of powder layers
(114) such that a binder shell (116) is succes-
sively formed; and

a consolidation apparatus (118) configured to
densify a portion of the powder (104) bound by
the binder shell (116).

Clause 2. The additive manufacturing system (100)
of Clause 1, wherein the consolidation apparatus
(116) comprises a vibration mechanism (120) cou-
pled to the build platform (112) and configured to
compact the portion of the powder (104) bound by
the binder shell (116).

Clause 3. The additive manufacturing system (100)
of any of Clauses 1 to 2, wherein the vibration mech-
anism (120) comprises an ultrasonic vibration ele-
ment (122) configured to generate ultrasonic vibra-
tions.

Clause 4. The additive manufacturing system (100)
of any of Clauses 1 to 3, wherein the consolidation
apparatus (116) comprises a tamping mechanism
(124) configured to compress the portion of the pow-
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der (104) bound by the binder shell (116).

Clause 5. The additive manufacturing system (100)
of any of Clauses 1 to 4, wherein the tamping mech-
anism (124) comprises a tamping head (126) con-
figured to consecutively compress sections of the
portion of the powder (104) bound by the binder shell
(116).

Clause 6. The additive manufacturing system (100)
of any of Clauses 1 to 5, wherein the tamping mech-
anism (124) comprises a plurality of tamping pins
(128) configured to simultaneously compress an en-
tirety of the portion of the powder (104) bound by the
binder shell (116).

Clause 7. The additive manufacturing system (100)
of any of Clauses 1 to 6, wherein the consolidation
apparatus (116) comprises:

avibration mechanism (120) coupled to the build
platform (112) and configured to compact a por-
tion of the powder (104) bound by the binder
shell (116); and

a tamping mechanism (124) configured to com-
press the portion of the powder (104) bound by
the binder shell (116).

Clause 8. A method (1000) of additively manufactur-
ing an object (130), the method (1000) comprising:

successively forming a plurality of powder layers
(114) by depositing powder (104); and
successively forming a binder shell (116) by
bonding select regions of each one of the plu-
rality of powder layers (114) before forming each
successive one of the plurality of powder layers
(114),

wherein the binder shell (116) encloses a portion
of the powder (104).

Clause 9. The method (1000) of Clause 8, further
comprising densifying the portion of the powder
(104) bound by the binder shell (116).

Clause 10. The method (1000) of any of Clauses 8
to 9, wherein densifying the portion of the powder
(104)bound by the binder shell (116) comprises sub-
jecting the portion of the powder (104) bound by the
binder shell (116) to vibratory energy.

Clause 11. The method (1000) of any of Clauses 8
to 10, wherein densifying the portion of the powder
(104)bound by the binder shell (116) comprises sub-
jecting the portion of the powder (104) bound by the
binder shell (116) to a compression force.

Clause 12. The method (1000) of any of Clauses 8
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to 11, wherein:

successively forming the plurality of powder lay-
ers (114) is performed using a powder-deposi-
tion apparatus (102);

successively forming the binder shell (116) is
performed using a binder-delivery apparatus
(106); and

densifying the portion of the powder (104) bound
by the binder shell (116) is performed using a
consolidation apparatus (118).

Clause 13. The method (1000) of any of Clauses 8
to 12, wherein successively forming the binder shell
(116) comprises delivering binder (108) at the select
regions of each one of the plurality of powder layers
(114) to successively form a plurality of shell layers
(132) of the binder shell (116) that enclose the portion
of the powder (104) bound by the binder shell (116).

Clause 14. The method (1000) of any of Clauses 8
to 13, further comprising:

subjecting the portion of the powder (104) bound
by the binder shell (116) to vibratory energy; and
subjecting the portion of the powder (104) bound
by the binder shell (116) to a compression force.

Clause 15. The method (1000) of any of Clauses 8
to 14, wherein:

subjecting the portion of the powder (104) bound
by the binder shell (116) to the vibratory energy
occurs before forming each successive one of
the plurality of shell layers (132) of the binder
shell (116); and

subjecting the portion of the powder (104) bound
by the binder shell (116) to the compression
force occurs after forming each successive one
of the plurality of shell layers (132) of the binder
shell (116).

Clause 16. The method (1000) of any of Clauses 8
to 15, wherein the binder shell (116) comprises:

a contour that matches a net shape of the object
(130); and
a thickness of less than 0.0625 inch.

Clause 17. The method (1000) of any of Clauses 8
to 16, further comprising sintering the object (130)
to remove binder (108) from the binder shell (116)
and to solidify the powder (104).

Clause 18. An additively manufactured object (130)
made by a process comprising steps of:

successively forming a plurality of powder layers
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(114) by depositing powder (104); and

forming a binder shell (116) by bonding select
regions of each one of the plurality of powder
layers (114) to successively form a plurality of
shelllayers (132) of the binder shell (116) before
forming each successive one of the plurality of
powder layers (114),

wherein the binder shell (116) encloses a pow-
der core (150).

Clause 19. The additively manufactured object (130)
of Clause 18, wherein the process further comprises
a step of densifying the powder core (150) bound by
the binder shell (116).

Clause 20. The additively manufactured object (130)
of Clause 18 or 19, wherein:

the binder shell (116) comprises:

a contour that matches a net shape of the
object (130); and
a thickness less than 0.0625 inch; and

the process further comprises a step of sintering
the object (130) to remove binder (108) from the
binder shell (116) and to solidify the powder
(104) of the binder shell (116) and the powder
core (150).

[0101] The described features, advantages, and char-
acteristics of one example may be combined in any suit-
able manner in one or more other examples. One skilled
in the relevant art will recognize that the examples de-
scribed herein may be practiced without one or more of
the specific features or advantages of a particular exam-
ple. In other instances, additional features and advan-
tages may be recognized in certain examples that may
not be present in all examples. Furthermore, although
various examples of the system 100, the method 1000,
and the object 130 have been shown and described,
modifications may occur to those skilled in the art upon
reading the specification. The present application in-
cludes such modifications and s limited only by the scope
of the claims.

Claims
1. Anadditive manufacturing system (100) comprising:

a build platform (112);

a powder-deposition apparatus (102) config-
ured to deposit powder (104) such that a plurality
of powder layers (114) is successively formed
over the build platform (112);

a binder-delivery apparatus (106) configured to
deliver binder (108) at select regions of each
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successive one of the plurality of powder layers
(114) such that a binder shell (116) is succes-
sively formed; and

a consolidation apparatus (118) configured to
densify a portion of the powder (104) bound by
the binder shell (116).

2. The additive manufacturing system (100) of Claim
1, wherein the consolidation apparatus (116) com-
prises a vibration mechanism (120) coupled to the
build platform (112) and configured to compact the
portion of the powder (104) bound by the binder shell
(116).

3. The additive manufacturing system (100) of any of
Claims 1to 2, wherein the vibration mechanism (120)
comprises an ultrasonic vibration element (122) con-
figured to generate ultrasonic vibrations.

4. The additive manufacturing system (100) of any of
Claims 1 to 3, wherein the consolidation apparatus
(116) comprises a tamping mechanism (124) con-
figured to compress the portion of the powder (104)
bound by the binder shell (116).

5. The additive manufacturing system (100) of any of
Claims 1 to 4, wherein the tamping mechanism (124)
comprises a tamping head (126) configured to con-
secutively compress sections of the portion of the
powder (104) bound by the binder shell (116).

6. The additive manufacturing system (100) of any of
Claims 1 to 5, wherein the tamping mechanism
(124) comprises a plurality of tamping pins (128) con-
figured to simultaneously compress an entirety of
the portion of the powder (104) bound by the binder
shell (116).

7. The additive manufacturing system (100) of any of
Claims 1 to 6, wherein the consolidation apparatus
(116) comprises:

a vibration mechanism (120) coupled to the build
platform (112) and configured to compact a por-
tion of the powder (104) bound by the binder
shell (116); and

a tamping mechanism (124) configured to com-
press the portion of the powder (104) bound by
the binder shell (116).

8. A method (1000) of additively manufacturing an ob-
ject (130), the method (1000) comprising:

successively forming a plurality of powder layers
(114) by depositing powder (104); and

successively forming a binder shell (116) by
bonding select regions of each one of the plu-
rality of powder layers (114) before forming each
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successive one of the plurality of powder layers
(114),

wherein the binder shell (116) encloses a portion
of the powder (104).

The method (1000) of Claim 8, further comprising
densifying the portion of the powder (104) bound by
the binder shell (116).

The method (1000) of any of Claims 8 to 9, wherein
densifying the portion of the powder (104) bound by
the binder shell (116) comprises subjecting the por-
tion of the powder (104) bound by the binder shell
(116) to vibratory energy.

The method (1000) of any of Claim 8 to 10, wherein
densifying the portion of the powder (104) bound by
the binder shell (116) comprises subjecting the por-
tion of the powder (104) bound by the binder shell
(116) to a compression force.

The method (1000) of any of Claims 8 to 11, wherein:

successively forming the plurality of powder lay-
ers (114) is performed using a powder-deposi-
tion apparatus (102);

successively forming the binder shell (116) is
performed using a binder-delivery apparatus
(106); and

densifying the portion of the powder (104 ) bound
by the binder shell (116) is performed using a
consolidation apparatus (118).

The method (1000) of any of Claims 8 to 12, wherein
successively forming the binder shell (116) compris-
es delivering binder (108) at the select regions of
each one of the plurality of powder layers (114) to
successively form a plurality of shell layers (132) of
the binder shell (116) that enclose the portion of the
powder (104) bound by the binder shell (116).

The method (1000) of any of Claims 8 to 13, further
comprising:

subjecting the portion of the powder (104 ) bound
by the binder shell (116) to vibratory energy; and
subjecting the portion of the powder (104 ) bound
by the binder shell (116) to a compression force.

The method (1000) of any of Claims 8 to 14, wherein:

subjecting the portion of the powder (104 ) bound
by the binder shell (116) to the vibratory energy
occurs before forming each successive one of
the plurality of shell layers (132) of the binder
shell (116); and

subjecting the portion of the powder (104 ) bound
by the binder shell (116) to the compression

10

15

20

25

30

35

40

45

50

55

16

28

force occurs after forming each successive one
of the plurality of shell layers (132) of the binder
shell (116).
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